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Abstract 
Little is known about how the energy of maintenance is generated in a cell supporting its persistence solely on 
endogenous carbon material, and what this energy is used for. However, it is clear that the endogenous metabolism of 
Escherichia coli cells held in the absence of exogenous carbon includes de novo protein synthesis, and that this synthesis 
required for the maintenance of the growth-arrested cell. Recent findings suggest that several genes/proteins responding to 
carbon starvation are themselves involved in reorganizing and modulating catabolic flux, while others form an integral part 
of a defense system aimed at avoiding the damaging effects of ongoing respiratory activity. A significant fraction of the 
energy of maintenance is suggested to be required to prevent he denaturation and spontaneous aging of proteins during 
stasis. © 1998 Elsevier Science B.V. 
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1. Introduction 
The energy necessary for activity other than the 
growth-related production of new cellular material is 
referred to as the 'energy of maintenance' [1]. It has 
been suggested that prolonged survival of cells 
starved for exogenous carbon is dependent upon 
regulation of endogenous metabolism in accordance 
with the energy of maintenance requirement [2]. 
Endogenous metabolism is defined as 'the total 
metabolic reactions which occur within the living cell 
when it is held in the absence of compounds or 
elements which serve specifically as exogenous ub- 
strates' [3]. However, the concept of endogenous 
metabolism is rather obscure and the questions have 
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been raised as to whether there is a close relationship 
between survival and regulation of endogenous me- 
tabolism, what the endogenous sources for the energy 
of maintenance are, and if endogenous metabolism is
entirely catabolic or if precursors and energy support 
some degree of macromolecular synthesis in the cell 
starved of exogenous carbon (e.g. Ref. [3]). We now 
know that the endogenous metabolism of carbon- 
starved bacteria indeed encompasses de novo pro- 
duction of macromolecules, including protein [4,5], 
RNA [5], lipids, and peptidoglycan [6]. Specifically, 
Matin and co-workers [4] demonstrated that cells of 
E. coli continued to synthesize proteins for an 
extended period of time when held in the absence of 
exogenous carbon [4]. Moreover, they found that the 
synthesis of proteins belonging to the early class of 
starvation proteins are required for long-term mainte- 
nance during starvation and this was shown to be true 
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also for Salmonella typhimurium [7] and marine 
vibrios [5,8]. Later, networks and individual genes 
and proteins of importance for stasis survival were 
genetically identified (e.g. Refs. [9-13]). Thus, we 
know that utilizable energy derived from endogenous 
material allows proteins to be synthesized in carbon- 
starved cells, and that this protein synthesis is im- 
portant for stasis survival. But what endogenous 
materials and central metabolic pathways are used for 
generating the energy supporting continued transla- 
tion, and how does the cell regulate the degradation 
of these reserves to satisfy the requirements of 
maintenance energy? 
2. Reorganization of catabolism during 
starvation for exogenous carbon/energy 
In our attempts to achieve an understanding of the 
physiological adjustments required by E. coli to 
survive in the absence of an exogenous growth- 
supporting carbon and energy source, we have 
studied starvation-induced gene expression on the 
whole cell level [14] using the 'proteome' (the 
protein complement expressed by a genome) research 
approach. This approach as demonstrated that the 
response of E. coli to starvation for exogenous 
carbon and energy includes an increased synthesis of 
the glycolysis enzymes, pyruvate formate lyase, 
phospho-transacetylase and acetate kinase, concomi- 
tantly with a reduced production of TCA cycle 
enzymes [15]. Thus, the modulation of the synthesis 
of catabolic enzymes during aerobic carbon/energy 
starvation is remarkably similar to the response of 
cells shifted to anaerobiosis. 
E. coli can grow under aerobic and anaerobic 
conditions, deriving energy from a number of differ- 
ent respiratory pathways or from fermentation. A 
number of genetic regulatory programs in E. coli 
coordinately direct the cells' selection of the most 
efficient metabolic system in a particular environ- 
ment. This selection has been suggested to ensure 
that electrons are channeled from donors to a terminal 
acceptor such that the drop in Gibbs energy is the 
maximal allowed under the particular growth con- 
dition [16]. This regulation may optimize the meta- 
bolic systems used to maximize growth rate in a 
given environment (however, evidence for this notion 
is not available). The ArcA/ArcB regulon is one of 
several global regulatory systems involved in this 
metabolic regulation. The ArcA/ArcB pair makes up 
a two-component regulatory system which is acti- 
vated when the environment contains no electron 
acceptors or only poor ones; ArcA being the regulator 
and ArcB the sensor component [16]. When phos- 
phorylated uring anaerobiosis, ArcA becomes active 
and acts as a repressor of genes encoding dehydro- 
genases of the flavoprotein class, several enzymes of 
the TCA cycle, and the cytochrome o oxidase com- 
plex [16]. In other cases ArcA acts as an activator; 
the cytochrome d and pyruvate formate lyase (pfl) 
operons are positively regulated by ArcA [16,17]. 
Interestingly, the ArcA regulator is a key player 
also in starvation-induced modulations of gene ex- 
pression and a AarcA mutant is impaired in several 
activities associated with the E. coli starvation re- 
sponse [18]. Specifically, the ArcA modulon appears 
to be involved in checking the rate of catabolic 
degradation of endogenous biomolecules [18]. We 
have found that the total metabolic activities of wild- 
type and AarcA mutant cells are indistinguishable 
during exponential growth but differ significantly 
during glucose starvation. The respiratory activity per 
unit mass is significantly higher during stasis in the 
AarcA mutant than the wild-type parent as is the total 
metabolic activity and the fraction of total activity 
derived from aerobic respiration [18]. 
The ArcA-dependent reduced production and ac- 
tivity of the aerobic respiratory apparatus during 
starvation may prevent an uncontrolled rainage of 
endogenous reserves. The degradation of endogenous 
membrane phospholipids i an integral part of the 
starvation process of non-differentiating bacteria 
[19,20]. This degradation is proposed to provide the 
cell with carbon and energy for maintenance r quire- 
ments when no exogenous carbon source is available. 
However, the degradation of membrane constituents 
must be tightly regulated, since an unrestrained 
degradation would seriously debilitate the membrane 
resulting in loss of cell integrity. It is likely that the 
rate of degradation of endogenous carbon-energy 
reserves, like membrane lipids, is feed-back-regulated 
by the activity of the catabolic apparatus. An un- 
controlled respiratory activity, as seen in the AarcA 
mutant [18], would presumably drain this reserve 
causing serious damage to the cell. 
Besides membrane lipids, ribosomes are suggested 
to provide the starved cell with carbon and energy for 
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maintenance. Again, an unchecked respiratory activi- 
ty may cause an unrestrained egradation of the 
ribosomes which eventually may result in the ir- 
reversible loss of function of an essential component 
of the protein-synthesizing machinery. 
The physiological modulations observed suggest 
that the E. coli cell starved of exogenous carbon 
increases the relative flow of carbon through the 
phospho-transacetylase (Pta)/acetate kinase (AckA) 
pathway [15,18]. The conversion of acetyl phosphate 
to acetate by AckA provides a major source of ATP 
during anaerobic growth. The role of this pathway 
during glucose exhaustion, however, appears to be 
connected to the synthesis of acetyl phosphate rather 
than ATP and acetate, since pta, and pta-ackA double 
mutants, but not ackA mutants are impaired in their 
ability to withstand carbon starvation [15]. Acetyl 
phosphate is a high-energy phosphate compound and 
acts as a phosphoryl donor to enzyme I of the 
phosphoenolpyruvate:glucose phosphotransferase 
system [21]. Also, acetyl phosphate is the preferred 
phosphoryl donor for some binding protein-dependent 
transport systems [22]. It is possible that acetyl 
phosphate can substitute for ATP in other metabolic 
reactions and that there is a demand for such high- 
energy phosphate compounds in the carbon/energy 
starved cell. 
It has been proposed that acetyl phosphate func- 
tions also as a global regulator of gene expression i  
E. coli (e.g. Ref. [23]). Perturbations in the pro- 
duction of acetyl phosphate have been shown to 
affect the in vivo expression of the phosphate (Pho) 
and nitrogen (Ntr) regulons of E. coli [23,24] and 
phosphorylation f the regulatory protein of the Ntr 
regulon occurs in vitro with acetyl phosphate as 
phosphate donor, bypassing the need for autophos- 
phorylation of the sensor protein [24]. In addition, 
several proteins of the glucose starvation stimulon 
appear to be regulated, in part, by levels of acetyl 
phosphate [15]. The accumulated data substantiates 
the suggestion that acetyl phosphate may function as 
a global regulator in E. coli. 
3. The universal stress protein and modulation 
in catabolic flux 
The universal stress protein, UspA, in concert with 
the ArcA modulon, appears to play a role in modu- 
lating catabolic flux in cells starved for carbon. The 
UspA protein of E. coli is unique in its almost 
universal responsiveness to diverse stresses [14,25]. 
The induction of uspA expression appears to be 
related to growth inhibition rather than slow growth 
per se [14,26] and transcription of uspA is rapidly 
shut off during nutritional upshifts [14]. 
E. coli mutants devoid of UspA are impaired in 
their ability to survive complete and prolonged 
growth inhibition caused by starvation for exogenous 
carbon [25]. Moreover, mutations in uspA cause 
abnormalities in carbon utilization, such that a signifi- 
cant fraction of the carbon source, which normally 
enters the TCA cycle for biosynthesis under aerobic 
growth conditions, is catabolized to acetate and 
released into the culture medium [27]. The elevated 
level of dissimilation of carbon sources, such as 
glucose and gluconate, accompanied by the excretion 
of high concentrations of acetate, suggest that UspA 
may be involved in modulating the flow of carbon in 
the central metabolic pathways of E. coli. Specifical- 
ly, it appears feasible that the induction of uspA 
during exogenous carbon starvation would cause an 
increased restriction in the carbon flow through 
glycolysis and, like ArcA, reduce overflow metabo- 
lism and drainage of endogenous reserves. In addi- 
tion, as demonstrated by two-dimensional gel electro- 
phoresis, both inactivating uspA and artificially in- 
creasing uspA expression results in global changes in 
the pattern of protein synthesis [25,28]. 
How does UspA affect carbon flux and the pattern 
of protein synthesis? The UspA protein belongs to a 
conserved family of proteins o far found in E. coli, 
Haemophilus influenzae, Coxiella burnetii, and Bacil- 
lus subtilis. In addition, E. coli appears to encode no 
less than three variants of the uspA gene (uspA, yiiT 
and yecG). A computer analysis aimed at characteriz- 
ing the relative contribution of conserved and vari- 
able sequences in eukaryotic developmental proteins 
identified the UspA family of proteins as bacterial 
homologues for the MADS-box transcription reg- 
ulators previously described only in eukaryotes (Fig. 
1) [29]. The MADS-box family of transcription 
factors are involved in diverse developmental path- 
ways including coordinating transcription of proto- 
oncogene c-fos in humans (SRF), control of cell 
type-specific genes and the pheromone response in 
Saccharomyces cerevisiae (MCM1), muscle-specific 
gene transcription in animals (RSRF/MEF2), and 
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Fig. 1. Protein alignment of the prokaryotic UspA family and members of the eukaryotic MADS-box family [29]. Conserved amino acids are boxed and 
characterized as bulky hydrophobic (U) or small (O) residues. The shaded amino acids show the conserved kink [29]. The bottom row depicts the 
secondary structure of the DNA binding domain in the MADS-box protein SRF as determined by X-ray diffraction [29]. 
flower development in plants (AG/DEFA/GLO) 
[29]. The identified sequence of similarity corre- 
sponds to the oLI-helix and f3I-strand that forms the 
structural element in the DNA-binding dimer of the 
MADS-box protein SRF, for which the X-ray struc- 
ture is available (Figs. 2 and 3) [30]. Possibly, the 
UspA family may exert their functions in the cell by 
being transcriptional regulators and, as suggested by 
Mushegian and Koonin [29], denote the bacterial 
ancestor to the developmental MADS-box proteins of 
SRF 
Fig. 2. Model of the a-helix I in SRF and UspA showing the locations of the conserved kink (SRFS162 and UspASll)  and the lysine residues (SRFK171 
and UspAK20) that interact with the minor groove of the DNA. The structure of SRF is determined by X-ray diffraction and only the monomer is shown 
[30]. The UspA structure is made out of the SRF backbone by exchanging the residues in SRF into the corresponding residues of UspA. The DNA 
sequence is the one used to crystallize SRF and contains the consensus binding region for SRF. 
D 
S~l ( r  - -  - - r -  - 
Fig. 3. The SRF and UspA dimers showing bulky hydrophobic residues uggested toact like a leucine zipper in stabilizing the dimer [30]. The models are 
constructed as described in the legend for Fig. 2. 
T. Nystr6m, N. Gustavsson / Biochimica et Biophysica Acta 1365 (1998) 225-231 229 
eukaryotes. Future studies will determine whether 
UspA possesses DNA-binding activity and the targets 
for such binding. 
UspA is also an autophosphorylating serine and 
threonine phosphoprotein [31]. In vitro, phosphoryla- 
tion is extremely rapid with GTP or ATP as phos- 
phate donors, and chase experiments indicate dy- 
namic phosphorylation. In vivo, phosphorylation 
occurs specifically in response to stasis [31]. This is 
intriguing since, in contrast o eukaryotes, there are 
very few examples of serine/threonine phosphoryla- 
tion in prokaryotes, and fewer still in which the 
regulatory pathways are well worked out. Also, the 
putative nucleotide-binding domain in the carboxy 
terminal part of UspA shows similarity to putative 
nucleotide-binding sites of eukaryotic receptor 
tyrosine kinases from mouse, rats, cows, and humans 
[31]. 
4. What endogenous carbon sources are used to 
generate energy of maintenance and how is 
degradation of these reserves regulated? 
Shrinkage of the cytoplasmic membrane [32] and 
degradation of membrane phospholipids i  an integral 
part of the response of non-differentiating bacteria 
subjected to starvation for exogenous carbon and 
energy (e.g. more than 90% of the phospholipid 
content is degraded uring starvation of Vibrio chol- 
erae [20]). The FadR-dependent derepression of the 
fad genes during entry of cells into stationary phase 
[26] suggests that the FadR regulon, apart from being 
required for growth on exogenous long-chain fatty 
acids, may be involved in providing the growth- 
arrested cell with endogenous carbon and energy 
from membrane-derived fatty acids. Degradation of 
long-chain fatty acyl-CoA by B-oxidation requires at 
least eight enzyme activities encoded by six genes; 
fadE, fadF, fadG, fadBA, and fadH. [3-Oxidation 
results in the release of one molecule of acetyl-CoA 
for each turn of the cycle. The acetyl-CoA produced 
is further metabolized by the TCA cycle enzymes and 
the glyoxylate shunt. The derepression of the FadR 
regulon would make physiological sense in that fatty 
acids generated from degradation of membrane lipids 
during stasis, perhaps by starvation-inducible phos- 
pholipases, could be scavenged by the activity of the 
B-oxidation pathway. In support of a role for FadR in 
stasis physiology, cells carrying the non-derepressible 
fadRS219N allele are more sensitive to long-term 
stasis as compared to the isogenic parent [26]. This 
mutated form of FadR has lost its ability to bind the 
effector molecule, long-chain fatty acyl-CoA, but 
remains capable of binding DNA and repressing fad 
genes [33]. Thus, it is possible that the sensitivity of 
fadRS219N mutants to stasis is related to a reduced 
ability to perform B-oxidation and to utilize endogen- 
ous fatty acids for maintenance r quirements. 
5. Is maintenance dependent on a defence 
against endogenously generated oxidative stress? 
External environmental f ctors, including ionizing 
radiation and a variety of chemicals, can generate 
reactive oxygen free radicals. More importantly, they 
are also produced uring normal metabolic electron 
transport by mitochondria, chloroplasts and respiring 
bacteria, and cells have developed antioxidant de- 
fense systems aimed at protecting against these 
reactive oxidants. However, the defense systems are 
not leak-proof and free radicals can escape and attack 
subcellular components including nucleic acids, fatty 
acids and proteins. 
Oxidative attack of target proteins generate non- 
native cysteine disulfide bonds and introduce car- 
bonyl groups at lysine, arginine, proline and 
threonine residues. These modifications can inhibit or 
alter the proteins' activities and their susceptibility o
proteolytic attack, and should be defended against. In 
E. coli and other organisms, several proteins have 
been identified that are specifically involved in the 
defense against oxidative stress and the genes encod- 
ing these proteins are often, if not always, organized 
into higher-order regulatory networks or regulons. 
Interestingly, it has been demonstrated that growth 
arrest caused by starvation for different nutrients 
elicit an increased production of proteins that are 
normally made during oxidative stress (e.g. H202 
exposure) [34]. As a consequence, starved, growth- 
arrested cells become markedly resistance to H202 
treatments [34]. What is the physiological signifi- 
cance of this oxidative stress resistance licited in 
cells held in the absence of exogenous carbon? 
Possibly, the oxidative stress proteins may be pro- 
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duced during growth arrest, because oxidative de- 
naturation of proteins is a problem caused by con- 
tinued metabolic activities in the growth-arrested cell. 
Superoxide radicals arise as by-products of all 
aerobic respiration, but inactive radical-damaged 
proteins are rapidly diluted as long as the environ- 
ment promotes growth and continued translation. 
However, during growth arrest of metabolically ac- 
tive cells, such as E. coli, the levels of oxidized 
proteins may increase simply because they cannot be 
diluted with sufficient levels of de novo protein 
synthesis. In support of this, it has been shown that: 
(i) the disulfide bond-dependent activity of a leader- 
less, cytoplasmic, alkaline phosphatase (A2-22AP) 
increase, aerobically but not anaerobically, during 
stasis in wild-type E. coli in parallel to an increase in 
protein carbonylation (Nystrtm, submitted); (ii) the 
increase in A2-22AP activity is enhanced in cells 
lacking glutathione reductase or regulators pecifical- 
ly involved in the production of oxidative stress 
proteins (Nystrtm, submitted); and (iii) cells lacking 
functional superoxide dismutase activity (sodA, sodB 
double mutant) can grow aerobically when sup- 
plemented with specific amino acids [35], but are 
greatly impaired in their ability to survive stasis [36]. 
The data suggests that denaturation and spontaneous 
oxidation of proteins and other macromolecules is 
indeed a problem and that a significant part of the 
maintenance energy may be required for oxidative 
stress defence. In addition, the ArcA-dependent re- 
duced production of respiratory substrates and com- 
ponents of the aerobic respiratory apparatus during 
stasis may be an additional defence mechanism 
mustered by the cell to protect itself against oxidative 
denaturation of proteins and other macromolecules 
[18]. This notion highlights a possible and important 
coupling between energy efficiency, catabolic flux 
and metabolic stress. Thus, it is possible that the 
reorganization i  catabolic flux during starvation for 
exogenous carbon is dictated by stress sensing rather 
than, or in addition to, sensing energy efficiency and 
a maximal drop in Gibbs energy. 
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